Recent evidence suggests that cancer stem cells (CSCs) play an important role in cancer, as these cells possess enhanced tumor-forming capabilities and are resistant to current anticancer therapies. Hence, novel cancer therapies will need to be tested for both tumor regression and CSC targeting. Herein we show that oncolytic reovirus that induces regression of human breast cancer primary tumor samples xenografted in immunocompromised mice also effectively targets and kills CSCs in these tumors. CSCs were identified based on CD24 − CD44 + cell surface expression and overexpression of aldehyde dehydrogenase. Upon reovirus treatment, the CSC population was reduced at the same rate as non-CSCs within the tumor. Immunofluorescence of breast tumor tissue samples from the reovirus-and mock-treated mice confirmed that both CSCs and non-CSCs were infectible by reovirus, and terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) assay showed that both populations died by apoptosis. Ras, which has been shown to mediate reovirus oncolysis, was found to be present at similar levels in all cell types, and this is consistent with their comparable sensitivity to reovirus. These experiments indicate that oncolytic reovirus has the potential to induce tumor regression in breast cancer patients. More important, the CSC population was equally reduced and was as susceptible to reovirus treatment as the non-CSC population. 
IntroductIon
As early as 1977, it was first observed that certain transformed cell lines had increased susceptibility to the human reovirus. 1 However, it was not until two decades later that the cancer-killing implications were fully realized when it was observed that murine cells transformed with the Ras oncogene manifested enhanced susceptibility to reovirus infection and killing. 2 Subsequent experiments showed that reovirus was able to replicate efficiently in a number of established human cancer cell lines, including brain-, breast-, lymphoma-, ovarian-, bladder-, spinal-, and colon-derived cells. [3] [4] [5] [6] [7] [8] In vivo data validated the potential use of reovirus as a cancer therapy as a single intratumoral injection of reovirus-induced tumor regression in immunocompromised mice with established tumors from a number of human-derived cancer cell lines. [3] [4] [5] [6] 8 These studies have led to phase I/II clinical trials presently underway for a variety of human cancers. 9 Research in cancer has resulted in increased detection, improved treatments, and enhanced prevention of metastasis. Despite these advances, however, when metastatic cancer occurs, it is generally resistant to therapeutics and the prognosis is poor. Therefore, there is an urgent need for the development of new therapies and novel approaches that, when applied, significantly reduce the chance of metastatic cancer from occurring.
Solid tumors are composed of a heterotypic population of cells. Increasing evidence suggests that only a small percentage of these cells have tumorigenic potential. 10, 11 In the example of breast cancer, these tumorigenic breast cells were originally isolated based on both expression and nonexpression of distinct cell surface markers (CD24 − CD44 + breast cancer cells). These highly tumorigenic cells share with normal stem cells the ability to proliferate and give rise to diversified tumor cell types including those with the capacity for self-renewal. 11 These cells are termed cancer stem cells (CSCs), and it takes only a relatively small number of them (~10 2 ) to form tumors in immunocompromised mice. The characterization and isolation of breast CSCs based on cell surface expression of CD44 and CD24 has been controversial as neither of these markers is known for their expression on stem cells. Again, eight of nine patient samples used for the initial isolation of CD44 + CD24 − cells were from pleural effusions (late stage metastatic breast cancer cells found in the lungs), 12 raising some doubt as to how reflective these cells are of the CSCs in the primary tumor. More recently, Ginestier et al. isolated breast cancer cells based on high expression of aldehyde dehydrogenase 1 A1 (ALDH1), 13 which is found at high levels in hematopoietic and neural stem cells and is responsible for oxidizing aldehydes to carboxylic acids. 14, 15 Using the Aldefluor assay to identify ALDH1-expressing cells from human primary breast tumor transplanted and passaged in immunocompromised mice, Ginestier et al. showed that Aldefluor + cells were highly tumorigenic. 13 Further, breast cancer patients with higher percentages of ALDH1 + cells had the worst outcome. 13 The Aldefluor assay has since been successfully used to isolate CSCs in other cancers such as hepatocellular cancer 16 It needs to be pointed out, however, that both of these 11, 13 The revelation that breast cancer tumorigenesis is sustained by a minority subset of cells (i.e., CSCs) has important implications on diagnosis, treatment, and long-term prognosis of cancer patients. First, even if tumor regression is induced, unless the CSCs are eradicated, the long-term therapeutic benefit could be minimal. 17 Second, evidence suggests that CSCs are resistant to current chemotherapeutic drugs and radiation therapy. 13, [17] [18] [19] [20] [21] [22] [23] If that is indeed the case, treating cancer with current therapies could have the long-term detrimental effect of enriching for this minority tumor cell population that has the potential to cause cancer recurrence and metastasis. Therefore, new treatment strategies will need to be tested not only for tumor regressing capabilities but also their efficacy in CSC targeting.
We show that oncolytic reovirus is able to induce regression of tumors generated from a primary human breast cancer core sample xenografted to the mammary fat pad of immunocompromised mice. Furthermore, we show that reovirus is effective at targeting CSCs identified in these xenografted tumors.
results reovirus induces tumor regression of primary breast cancer patient xenografts
Previously reovirus was shown to be highly cytopathic to a number of breast cancer cell lines (MCF7, MDA-MV-468, SK-BR-3, and T-47D) while a normal mammary cell line, Hs-578Bst, remained resistant to reovirus. 6 Furthermore, both single intratumoral injection and hind flank tumor/systemic reovirus delivery systems in mouse xenograft tumors established from these human breast cancer cells resulted in tumor regression, 6 suggesting the potential use of reovirus as an antibreast cancer therapy. However, it is becoming increasingly clear that in addition to tumor regression, a novel therapy should ideally also be able to target and kill CSCs, thereby preventing inadvertent enrichment for these cells while inducing tumor regression. 24 To test the efficacy of oncolytic reovirus to target and kill breast CSCs in vivo, we established palpable tumors in the mammary fat pads of immunodeficient NOD/SCID mice using a core biopsy sample of a primary infiltrating ductal carcinoma obtained from a breast cancer patient at the time of her primary surgery. (NOD/ SCID rather than nude mice were used as unlike the breast cancer cell lines previously studied; these primary tumors failed to grow in the less immune-tolerant nude mice.) Previous reports indicate that primary breast cancer patient samples passaged in mice have ~5-30% CD24low/-CD44 + identified CSCs. 11 Similarly, 5-10% of these highly tumorigenic cells were identified in breast cancer tumors passaged in miced by using the Aldefluor assay as a marker of breast CSCs. 13 We established palpable tumors in eight mice and subdivided them into two groups for either reovirus or mock treatment, and tumor growth was measured at various times post-treatment. Aggressive growth rate was demonstrated up to day 12 posttreatment, with reovirus noticeably inducing tumor regression 15 days post-treatment (Figure 1) . This is the first time reovirus has been shown to successfully treat tumors generated from a solid human cancer specimen (not cell lines) in a mouse model, which better mimics the clinical setting and is arguably a more accurate representation of the effectiveness of reovirus as an oncolytic agent. [4] [5] [6] We noted, however, that regression of these tumors after reovirus treatment was somewhat delayed compared to that previously reported with tumors from cell lines. [4] [5] [6] This was likely due to the aggressive nature of these tumors as their growth rates far exceeded those observed previously with cell line-induced tumors. 6 This aggressive tumor growth also prevented us from extending the study beyond 21 days (adherence to tumor endpoint guidelines set by the Canadian Council on Animal Care). We also refrained from using higher doses of reovirus as NOD/SCID mice are far less tolerant of reovirus than nude mice previously used for studies on cell line-derived tumors. 11, 13, 25, 26 Nevertheless, at day 21 the tumors treated with reovirus were significantly smaller compared to mock-treated tumors (P = 0.03), and we had achieved the objective of partial tumor reduction that would allow us to assess the in vivo reovirus susceptibility of breast CSC.
The mice were then euthanized and tumor tissue harvested for postmortem analysis (Figure 1) . A portion of each tumor was fixed for paraffin embedding and immunohistochemical analysis. Thin sections were stained with polyclonal antireovirus antibody to detect reovirus-infected cells, and terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) was used . This finding is important as it demonstrates that treatment with oncolytic reovirus resulted in a proportionate reduction in the total tumor mass and CD24 − CD44 + cells and that there was no enrichment for CD24 − CD44 cells in the reovirus-treated tumors. We also determined the percentage of infected CD24 − CD44 + cells by costaining the fixed cells with antireovirus antibody, and found that they were on average 85% positive for reovirus infection (Figure 3b ). This number compares favorably to the 60% total infected cells ( Figure 2b) .
As an alternative approach, we immunohistochemically stained the tumor sections with anti-CD24, anti-CD44, and antireovirus antibodies in an attempt to identify areas comprising primarily CD24 − (or low) CD44 + cells and determine whether these cells were susceptible to reovirus infection. Considering the low abundance of CD24 − CD44 cells in breast tumors, identification of such cells by immunohistochemical staining was not an easy task. Nonetheless, we were able to identify two different areas of the tumor (Figure 3c , area A and area B) that were representative of predominantly CD24 + CD44 + cells and CD24lowCD44 + cells, respectively. We found both cell populations to be susceptible to reovirus infection (box in area B highlights colocalization of CD44 and reovirus proteins with little or no CD24). Figure 3d represents the same areas of the next thin section of the tumor and showed that CD24 − (or low) CD44 + breast cancer cells infected by reovirus were also TUNEL positive. This confirms that like all reovirus-infected breast cancer cells (Figure 2a) , reovirus-infected CD24 − (low) CD44 + cells also died by apoptosis (Figure 3d ).
reovirus infects and kills AldH1 + breast cscs
The Aldefluor assay is a viable cell assay used to identify and isolate ALDH1 + cells. Recently, when the assay was used on breast cancer tumor specimens, the isolated Aldefluor + (ALDH1 + ) cells were shown to be highly tumorigenic. 13 Therefore, in addition to CD24 − CD44 + , Aldefluor + is now considered another putative breast CSC marker. Breast cancer cells that overexpress ALDH1 have increased Aldefluor activity. 13 The addition of inhibitor DEAB in the assay blocks ALDH1 activity and allows for positive identification of Aldefluor + cells. Accordingly, we compared the percentage of Aldefluor + cells in mock-and reovirus-treated tumors (Figure 4a) . We noted that although the mock-treated tumors had a greater range of Aldefluor + cells, on average there was no significant difference between the relative percentage of Aldefluor + cells in mock-treated and reovirus-treated tumors. This suggests reovirus-induced reduction in total tumor mass (and cells) is associated with a proportionate reduction in the amount of Aldefluor + cancer cells.
The Aldefluor assay used for the detection of ALDH1 + cells requires the use of viable, unfixed cells, whereas assessment of reovirus infection requires that cells be fixed and permeablized. Therefore, we were unable to directly assess the percentage of Aldefluor + tumor cells that were infected by reovirus compared to the total cells in vivo, as we did with CD24 − CD44 + cells (Figure 3b) . To circumvent this problem, we used an indirect approach and compared the infectability of Aldefluor + cells to total cells in vitro by isolating Aldefluor + breast cancer cells and total live breast cancer cells from an uninfected tumor and then infecting the respective isolated populations overnight with reovirus (Figure 4b) . We noted that Aldefluor + cells were similarly infectible by reovirus as total breast cancer cells were, confirming that Aldefluor + identified breast CSCs were permissive to reovirus infection and agreeing with the in vivo data (Figure 4a) .
Next, we carried out immunohistochemical staining of tumor samples to assess the susceptibility of ALDH1 + cells in these samples to reovirus infection and reovirus-induced apoptosis (Figure 4c) . We noted that areas of tumor staining positive for ALDH1 and reovirus were also TUNEL positive (Figure 4c) , confirming that like all reovirus-infected breast cancer cells (Figure 2) , reovirus-infected ALDH1 + cells also died by apoptosis (Figure 4c) .
Finally, we wanted to determine the Ras status of CD24 − CD44 + and ALDH1 + cells compared to the bulk of the tumor cells. Ras mutations are common in cancer and play a critical role in the transformation process. 2, 26, 27 Previous studies in this laboratory have shown that Ras transformation of cells results in increased reovirus susceptibility and is one of proposed mechanisms of reovirus oncolysis. 2, 25 We isolated Aldefluor + (ALDH1 + ) cells and CD24 − CD44 + cells from the tumor of an untreated mouse and compared the Ras levels of these putative breast CSCs to the bulk of tumor cells (live, H2Kd − cells) by western blot analysis. When normalized for differences in actin levels, the total Ras levels were similar in all three cell types ( Figure 5 ). This result is consistent with the observation that the identified CSC populations and bulk tumor cells manifest comparable sensitivity to reoviurs (Figures 3 and 4) . Although the Ras levels were similar, it is possible that the Ras-activation status could differ between the cell types. Unfortunately, the low number of recoverable Aldefluor + and CD24 − CD44 + cells (~10 5 ) precluded an accurate assessment of Ras activation using the Raf-1 pull-down assay (Upstate Biotechnology, Billerica, MA) which typically requires a minimum of 10 6 cells.
dIscussIon
CSCs are proposed to be initiators of cancer and are probably responsible for cancer recurrence and development of metastases. With breast cancer specifically, comparative studies have shown that putative CSC populations are significantly more resistant to γ irradiation, the commonly used cancer therapy. 18 Similarly, in studies with glioblastomas, Bao et al. also found that populations enriched for CSCs were highly resistant to irradiation, and the treatment was relatively ineffective in preventing CSCs from initiating tumor growth in xenograft studies. 23 Other groups have also reported that CSCs originating from various cancers are comparatively resistant to commonly used chemotherapeutics like gemcitabine, temozolomide, carboplatin, etoposide, paclitaxel, fluorouracil, paclitaxel, daunorubicin, and mitoxantrone. [19] [20] [21] [22] 29 There are several suggested possibilities for the apparent resistance of CSCs to current anticancer therapies. First, if it we are to assume that CSCs are similar to non-CSCs that are slow growing and generally in the G0 phase of the cell cycle, then commonly used chemotherapeutics designed to target highly proliferative cycling cells would not kill CSCs. 10 Second, at least for glioblastoma CSCs, Bao et al. reported that resistance to irradiation appeared to be a result of increased activation of the DNA damage checkpoint response, 23 thereby increasing the survival of these cells. Third, one of the proposed methods for isolating CSCs, exclusion of Hoechst stain, 30 is likely based on increased expression in CSCs of adenosine triphosphate-binding cassette proteins or ABC transporters that efflux the stain. The transporters are also known to efflux chemotherapeutic drugs and are a common cause of cancer resistance to chemotherapies. 31 It is, therefore, likely that CSC resistance to chemotherapeutics is due to an increased expression of these transporters. 32 Finally, with the isolation of CSCs based on increased expression of ALDH1 (Aldefluor + cells), it is possible that resistance to chemotherapeutic agents is a result of aldehyde dehydrogenase-specific activity that metabolizes chemotherapeutics such as cyclophosphamide. 33 Given the emerging evidence illustrating the importance of CSCs in both cancer development and resistance to current cancer therapies, it is becoming increasingly important to test novel therapies for both tumor regression capabilities and CSC targeting efficacy. Oncolytic viruses, engineered or naturally occurring (as in the case of reovirus), were originally identified as having anticancer properties based on their ability to shrink tumors. As with other potential anticancer therapies, reovirus is being evaluated for its ability to cause tumor regression in phase I/II clinical trials. 9 However, in view of emerging evidence of CSCs being involved in cancer initiation, tumor regression alone may not be a true measure of a drug's ability to engender long-term cancer remission, and the specific targeting of CSCs should also be included for evaluation.
Recently, using breast cancer cells isolated from the pleural effusions of patients, Eriksson et al. 34 purified CD24 − CD44 + cells and evaluated the ability of oncolytic adenoviruses Ad5/3-∆24 and Ad5.pk7-∆24 to kill these cells in vitro and in vivo. They showed that these oncolytic adenoviral strains were able to block tumor formation induced by CD24 − CD44 + cells implanted in immunodeficient mice. In the present study, we also evaluated the ability of an oncolytic virus to kill putative breast CSCs; however, our study differs from theirs in several major aspects. First, to our knowledge, we are the first group to evaluate oncolytic reovirus specifically for its efficacy to kill CSCs. Second, our model utilized tumors established from a fresh core tumor sample obtained directly from a patient diagnosed with infiltrating ductal carcinoma and taken at the time of her surgery. This is significant because the previous study used breast cancer cells isolated from malignant pleural effusions and although pleural effusions are indeed a source of breast cancer cells, 12 it is not clear as to how reflective these late stage cancer cells are of the original primary tumor. Third, utilizing the recently described Aldefluor assay to identify highly tumorigenic breast CSCs, we tested the ability of reovirus to target both CSCs identified as CD24 − CD44 + cells and ALDH1 + (Aldefluor + ) cells. Finally, a major objective of our study design was to establish an experimental system that more closely mimics the clinical setting. We first assessed the ability of reovirus to effect solid tumor regression and then evaluated the percentage reduction of putative CSCs following the treatment. If the CSC population had been resistant to reovirus, we would have detected an enrichment or increase in the percentage of these cells postvirus treatment. Indeed, CSC enrichment has been reported by Dylla et al. who treated mice bearing colorectal xenogenic tumors with chemotherapeutic agents and observed an enrichment of CSCs in the colorectal tumors. 24 This highlights the potential dangers of treating patients with a drug that is ineffective at targeting these potent tumor-initiating cells.
With the observation that CSCs are not only highly tumorigenic but also resistant to killing by conventional means, it is necessary to evaluate potential cancer therapeutic candidates for their efficacy to target and kill the CSC population of tumors. This study and the previous adenoviral report 34 indicate that oncolytic viruses kill CSCs with equal efficacy to non-CSC cancer cells.
MAterIAls And MetHods
Virus propagation and purification. L-929 (ATCC, Manassas, VA) cells were cultivated as adherent monolayers or in suspension in Minimal Essential Medium (MEM) or Joklik's Modified Eagle's Medium (SigmaAldrich, Oakville, Ontario, Canada), respectively, supplemented with 5% fetal bovine serum (FBS; Invitrogen, Burlington, Ontario, Canada). Reovirus (Serotype 3 Dearing) was propagated in L-929 suspension culture and purified through a CsCl gradient following established procedures. 35 Activity was determined using standard plaque assay on L-929 monolayers and particle number by absorbance at 260 nm.
Establishment of primary human breast cancer solid tumor xenografts in mice.
A core tumor sample of infiltrating ductal carcinoma was obtained from a breast cancer patient at the time of her primary surgery (patient consent given and ethics approval obtained from Research Ethics Board). The tumor sample was cut into 2 × 2 mm pieces and individual pieces implanted into the upper left mammary fat region of 3-8-week-old female, nonobese, diabetic-severe, combined immunodeficiency (NOD/SCID) mice purchased from Charles River, Pointe-Claire, Quebec, Canada. A 5-mm incision was made on the upper left-side flank of each mouse just above the mammary fat pad area. The tumor piece was then sutured to the mammary fat with one stitch. Accessing the same incision, a 90-daytime-release 17β-estradiol 3.0 mm 0.72 mg pellet (Innovative Research of America, Sarasota, FL) was implanted on the other side of the mouse using forceps to direct the pellet to the proper position. The incision was closed with 4.0 suture and mice monitored weekly for tumor growth. Three months postimplantation a tumor measuring 196 mm 2 had grown in one of the mice attached to the upper left mammary fat pad. This tumor was harvested and above procedure repeated for passaging in multiple mice to achieve a statistically significant number for later described tumor regression studies.
Of 12 mice with passaged tumor xenografts, 8 developed palpable tumors (~20 mm Tumor tissue analysis by FACS. Tumor tissue was sectioned and a portion fixed and saved for immunofluorescence (described below). The remaining tissue was minced and digested for 3 hours at 37 °C with a 225 U/ ml solution of collagenase III (BioShop, Burlington, Ontario, Canada) in Hank's balanced salt solution (Invitrogen). Digested tissue was strained with a 40 μmol/l cell strainer (BD Falcon, Mississauga, Ontario, Canada). Resulting cell suspension was washed with PBS and red blood cells lysed.
The washed suspension was divided and a portion was fixed with 4% paraformaldehyde solution for percentage of reovirus infection analysis in combination with CD24 and CD44 cell surface expression analysis. After fixation, blocking and permeablization in 5% bovine serum albumin, 0.1% Triton X-100 in PBS, cells were probed with antireovirus rabbit antibody 25 and goat antirabbit IgG conjugated with Cy5 (Jackson ImmunoResearch, Burlington, Ontario, Canada), antihuman CD24-FITC conjugated, and antihuman CD44-PE conjugated (BD Pharmingin, Mississauga, Ontario, Canada). Washed cells were quantified with a FACSCalibur flow cytometer (Becton Dickinson, Mississauga, Ontario, Canada) and analyzed using WinDMI Version 2.9 (Scripps Research Institute, La Jolla, CA).
The other unfixed portion of the collagenase-generated tumor cell suspensions were saved for ALDH1 expression analysis using the Aldefluor assay (Stemcell Technologies, Vancouver, British Columbia, Canada), following the manufacturer's instructions.
Isolation of Aldefluor + , CD24 − CD44 + cell, and live breast cancer cells. As described previously, single-cell suspensions generated from an untreated mouse passaged tumor were either stained for isolation of live total human breast cancer cells, live CD24 − CD44 + breast cancer cells, or for live Aldefluor + human breast cancer cells. Cells were stained with antiH2Kd (mouse histocompatibility class I) APC conjugated (ebioscience, San Diego, CA) to eliminate contaminating noncancer cells of mouse origin and viability dye 7AAD (BD Pharmingin) to discard dead cells. Side and forward scatter was used to eliminate debris. A portion of the cells were further stained with either Aldefluor assay to identify and isolate Aldefluor + cells or anti-CD24 and −CD44 antibodies to isolate CD24 − CD44 + cells. Desired cell populations were isolated using a FACSAria flow cytometer (Becton Dickinson).
In vitro reovirus infection of isolated Aldefluor+ and live breast cancer cells. A 100,000 isolated cells (Aldefluor + or live total human breast cancer cells) were mock or infected with 20 multiplicity of infection of reovirus in mammosphere media (DMEM/F12; Invitrogen, supplemented with basic fibroblast growth factor, epidermal growth factor and insulin; SigmaAldrich, as previously described in ref. 30 ). And at 18 hours postinfection, cells were washed, fixed, permeablized, labeled with antireovirus antibody, and analyzed with a FACSCalibur as described earlier.
Western blot analysis of Ras levels. In this process, the 100,000 isolated Aldefluor + , CD24 − CD44 + , and total (7AAD − , H2Kd − ) cells were lysed, nuclear debris removed by high speed centrifugation, and lysates separated by 10% SDS-PAGE, electrophoretically transferred to PolyScreen transfer polyvinylidene fluoride membranes (Perkin Elmer, Woodbridge, Ontario, Canada), and membranes were probed with anti-Ras monoclonal mouse antibody (1:500 dilution, clone Ras10; Upstate Biotechnology) or antiactin (1:1,000 dilution; Sigma Aldrich), followed by HRP-conjugated goat antimouse or antirabbit IgG (1:1,000; Jackson Laboratories, Burlington, Ontario, Canada). The immuno-reactive protein bands were detected using enhanced chemiluminescence (Amersham, Oakville, Ontario, Canada) and visualized with a Kodak Image Station 4,000 mm Pro (Mandel, Guelph, Ontario, Canada).
Tumor tissue analysis by immunofluorescence microscopy. For immunofluorescence, formalin-fixed tissue was paraffin embedded in blocks and 5 μmol/l sequential sections were cut and mounted on microscope slides. After antigen retrieval and blocking, slides were stained with combinations of the following primary antibodies: antihuman CD44 (mouse IgG2a; Labvision, Nepean, Ontario, Canada), antihuman CD24 (mouse IgM; Labvision), antihuman ALDH1 (mouse IgG1; BD Pharmingin), and rabbit polyclonal antireovirus antibody. 25 Secondary antibodies specific to the primary antibody Ig subclass for dual labeling were conjugated to either Alexafluor 488 or 546 (Invitrogen) or Cy5 (Jackson ImmunoResearch). Nuclei were stained with ToPro-3 (Invitrogen, Nepean, Ontario, Canada). Washed slides were mounted in 90% glycerol, 100 mmol/l Tris-HCl pH 8, 2.5% w/v DABCO, 1 μg/ml bisbenzimide H 33342 trihydrochloride (Sigma Aldrich). Images were captured with a Zeiss LSM 510 laser scanning confocal microscope.
To detect apoptotic cells in the fixed tumor tissue, slides were stained with an in situ cell death detection kit, TMR red, via terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL; Roche Applied Science, Laval, Quebec, Canada).
